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The CDC25 dual-specificity phosphatase family has been shown to play a key role in cell cycle regulation. The phosphatase
activity of CDC25 drives the cell cycle by removing inhibitory phosphates from cyclin-dependent kinase/cyclin complexes.
Although the regulation of CDC25 phosphatase activity has been elucidated both biochemically and genetically in other
systems, the role of this enzyme during development is not well understood. To examine the expression pattern and
function of CDC25 in Caenorhabditis elegans, we characterized a cdc25 homolog, cdc-25.1, during early embryonic
evelopment. The CDC-25.1 protein localizes to oocytes, embryonic nuclei, and embryonic cortical membranes. When the
xpression of CDC-25.1 was disrupted by RNA-mediated interference, the anterior cortical membrane of fertilized eggs
ecame very fluid during meiosis and subsequent mitotic cell cycles. Mispositioning of the meiotic spindle, defects in polar
ody extrusion and chromosome segregation, and abnormal cleavage furrows were also observed. We conclude
hat CDC-25.1 is required for a very early developmental process—the proper completion of meiosis prior to
mbryogenesis. © 1999 Academic PressINTRODUCTION
Caenorhabditis elegans is an excellent model organism
in which to study cell cycle regulation. Cell divisions that
give rise to the 959 somatic cells in the adult hermaphrodite
are tightly controlled, both spatially and temporally (Sul-
ston and Horvitz, 1977; Deppe et al., 1978; Sulston et al.,
983; Schnabel et al., 1997). For example, the zygote divides
n a stereotypical pattern to produce five founder somatic
ineages and the germline precursor, and each of these
1 To whom correspondence should be addressed at Developmen-
tal Signal Transduction Group, Gene Regulation and Chromosome
Biology Laboratory, ABL-Basic Research Program, National Cancer
Institute–Frederick Cancer Research and Development Center,0012-1606/99 $30.00
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All rights of reproduction in any form reserved.ivides with a unique cell cycle periodicity. How each
istinct cell cycle is set up and regulated is unknown. The
nswer to this question could lead to a better understanding
f cell cycle regulation in multicellular organisms and
rovide insight into how cell cycles are deregulated in
uman cancers.
C. elegans also has several other advantages for the study
f the cell cycle and development. Both the organism and
he embryonic eggshell are transparent, and cell divisions
an be readily visualized using differential interference
ontrast (Nomarski) microscopy. In addition, the entire cell
ineage from the one-cell zygote to the adult hermaphrodite
s known, and this cell lineage is reproducible and largely
nvariant. At the completion of the Genome SequencingKey Words: cdc25; cortical membrane; embryogenesis; meiosis; nematode; polar body; spindle.
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Project, scheduled for the end of 1998, all members of a gene
family, such as cdc25 (and other cell cycle genes), will be
P.O. Box B, Frederick, MD 21702. Fax: (301) 846-6911. E-mail:
golden@ncifcrf.gov.
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16 Ashcroft et al.identified and issues of genetic redundancy could be more
easily addressed. Last, this organism has been used as a
genetic tool for more than 20 years and has a variety of
mutants available for study.
The biochemical changes in cell cycle regulation have
been studied in other model organisms (for review, see King
et al., 1994; Nurse, 1994; Scherr, 1994; Lees, 1995). Mitosis
is controlled by complexes containing cyclin-dependent
kinases (CDKs) bound to their cyclin partners. For example,
CDC2 associates with cyclin B and regulates the transition
between G2 and M phase and is required for M-phase events
(Gautier et al., 1989; Moreno et al., 1989; Riabowol et al.,
1989; reviewed in Nurse, 1990). CDC2 is negatively regu-
lated by members of the WEE1 family, which phosphorylate
CDC2 on tyrosine and threonine residues (Russell and
Nurse, 1987; Gould and Nurse, 1989; Featherstone and
Russell, 1991; Lundgren et al., 1991; Parker et al., 1992;
Parker and Piwnica-Worms, 1992; McGowan and Russell,
1993; Mueller et al., 1995; Liu et al., 1997). Activation of
the CDC2/cyclin B complex and entry into mitosis are
controlled by a dual-specificity phosphatase, CDC25, that
removes tyrosine 15 and threonine 14 inhibitory phos-
phates from CDC2 (Gould and Nurse, 1989; Dunphy and
Kumagai, 1991; Gautier et al., 1991; Millar et al., 1991b;
Strausfeld et al., 1991; Lee et al., 1992). Exit from mitosis
nd entry into G1 occur when cyclin B is degraded (De-
shaies, 1995) and CDC2 is rephosphorylated on its inhibi-
tory sites. Galaktionov and co-workers (1995b) have sug-
gested that human CDC25 genes can act as potential
ncogenes. Several tumor lines and primary tumors show
ncreased levels of CDC25 expression (Galaktionov et al.,
995b; Gasparotto et al., 1997; Kudo et al., 1997; Hernandez
t al., 1998).
cdc25 homologs have been identified in 17 different
pecies, including the unicellular yeasts Schizosaccharo-
yces pombe (Russell and Nurse, 1986) and Saccharomy-
es cerevisiae (Russell et al., 1989), Drosophila (Edgar and
’Farrell, 1989; Alphey et al., 1992; Courtot et al., 1992),
enopus (Izumi et al., 1992; Kumagai and Dunphy, 1992),
nd a number of mammals (reviewed in Millar et al., 1991a;
raetta and Eckstein, 1997). Multiple members of this gene
amily have been identified in Drosophila, C. elegans, mice,
at, and human. It is thought that the individual cdc25
omologs function in a unique tissue-specific and/or cell
ycle stage-specific context. Examples of specificity include
he Drosophila cdc25, twine, which regulates meiotic cell
ycles (Alphey et al., 1992; Courtot et al., 1992; White-
ooper et al., 1993) while its homolog, string, regulates
itotic cell divisions (Edgar and O’Farrell, 1989; Edgar and
’Farrell, 1990). Some compensatory functions have also
een found between these two cdc25 homologs in Drosoph-
la (Sigrist et al., 1995; Edgar and Datar, 1996). In mammals,
hree cdc25 homologs have been identified. In the murine
erm line, Cdc25B mRNA is detected in oocytes, whereas
dc25C is observed in spermatids (Wu and Wolgemuth,
995). Murine Cdc25A is highly expressed in oocytes and in
rimary and secondary spermatocytes (Wickramasinghe et
Copyright © 1999 by Academic Press. All rightl., 1995). Furthermore, human CDC25C is thought to
egulate entry into mitosis at the G2/M-phase transition by
cting on CDC2/cyclin B (Sadhu et al., 1990; Galaktionov
nd Beach, 1991; Strausfeld et al., 1991; Lee et al., 1992),
hereas CDC25A is thought to regulate the G1/S-phase
ransition (Hoffmann et al., 1994; Jinno et al., 1994). How-
ver, a prerequisite to fully understanding the role of the
DC25 family in multicellular organisms lies in the iden-
ification of all family members of the organism through
omplete genomic sequencing.
In C. elegans, four cdc25 homologs have been identified:
dc-25.1, cdc-25.2, cdc-25.3, and cdc-25.4 (Ashcroft et al.,
1998). With the identification of the entire genomic se-
quence of C. elegans near completion, this multicellular
organism provides a unique opportunity to study the role of
this entire gene family during development. Specific and
functional disruption of gene expression using RNA-
mediated interference (RNAi) can address the developmen-
tal consequences when a particular gene is not expressed.
To examine the roles of these genes in development, we
characterized the expression pattern of cdc-25.1 and dis-
upted its expression. We observed that cdc-25.1 is essential
or embryonic development and includes a unique function
n meiosis. We show here that disruption of cdc-25.1
xpression in the oocyte affects the cortical membrane
uring the completion of meiosis, which affects meiotic
pindle attachment, polar body extrusion, and subsequent
itotic cleavage furrow formation, resulting in aneuploid
mbryos and embryonic death. These observations suggest
hat CDC-25.1 is essential for the integrity of the embry-
nic cortex and the proper completion of meiosis in fertil-
zed embryos.
MATERIALS AND METHODS
Strains and Animal Culture
Standard methods for culturing C. elegans were used (Brenner,
1974). The genetic nomenclature used follows guidelines set by the
C. elegans research community (Hodgkin, 1997). N2 refers to
wildtype C. elegans (var. Bristol strain). The strains used were
HR219, fem-1(hc17ts); JK892, unc-32 (e189) glp-1(q231)/eT1 (III);
1/eT1 (V); JK549, fem-3(q20ts) dpy-20(e1282); and MT6129, egl-19
n2368). Strain AF16 is wildtype C. briggsae.
Molecular Biology
Standard molecular biology techniques were used throughout
this study unless otherwise stated. For reverse transcription and
polymerase chain reactions (RT-PCR), RNA was isolated from
washed N2 hermaphrodites with Trizol (Gibco BRL) according to
the manufacturer’s instructions. Aliquots of this RNA were reverse
transcribed and used for PCR (Titan One-Tube RT-PCR System;
Boehringer Mannheim) to amplify the cdc-25.1 cDNA.
Northern Analysis
RNA isolation was carried out on animals that were staged
according to the method described in Wood (1988) and as assessed
s of reproduction in any form reserved.
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17cdc25 Homolog Affects Cortical Activityby microscopy. Adult hermaphrodite strains containing
temperature-sensitive mutant germ lines were also included; when
grown at the restrictive temperature, glp-1 (q231) animals contain
no mitotic germline (Austin and Kimble, 1987), fem-3 (q20gf;
gain-of-function) animals make sperm but no oocytes (Barton et al.,
1987), and fem-1 (hc17lf; loss-of-function) animals make oocytes
but no sperm (Nelson et al., 1978). Stage-specific poly(A)1 RNA
as prepared using the FastTrack mRNA Isolation System (Invitro-
en) according to the manufacturer’s protocols. Poly(A)1 RNA (3
mg) was fractionated by electrophoresis under denaturing condi-
tions (Sambrook et al., 1989), transferred to a Hybond-N1 mem-
rane (Amersham), and hybridized in 53 Denhardt’s, 53 SSPE,
.6% SDS solution with random-primed 32P-labeled probes (using
the Prime-It II Random Primer Labeling Kit; Stratagene). The
highest stringency wash was 0.13 SSPE, 0.6% SDS, at 66°C. The
cdc-25.1 probe template was an ;2.5-kb EcoRI–SacI genomic
ragment. The blot was simultaneously probed with a ribosomal
rotein gene (rp21, kindly provided by J. Spieth, Washington
niversity, St. Louis) to quantify RNA levels. RNA was sized by
oading one lane with the G319 molecular weight ladder (Promega),
hich was excised from the gel and stained with ethidium bromide
not shown). Exposure of the blots and signal quantification were
erformed with the Storm PhosphorImager and ImageQuaNT soft-
are (Molecular Dynamics). Images were cropped and processed
ith Adobe Photoshop and Corel Draw software.
Antibodies
A synthetic peptide corresponding to the extreme C-terminal
region (GILDFSSISDDAE) of CDC-25.1 was coupled to keyhole
limpet hemacyanin and antibodies were raised in rabbits using
standard procedures. The antiserum was affinity purified against
the peptide coupled to BSA (UltraLink Immobilization Kit; Pierce)
and used for immunoprecipitations, Western blots, and immuno-
fluorescence microscopy (see below). The antiserum against MEI-1
was used as previously reported (Clark-Maguire and Mains, 1994a).
The commercially available monoclonal antibodies (MAbs) used
were a mouse anti-actin MAb (clone C4; ICN Biomedicals), three
mouse anti-tubulin MAbs [N356 from Amersham, T9026 from
Sigma, and one from Piperno and Fuller (1985)], and a mouse
anti-nuclear pore complex MAb (MAb 414, BAbCO) (Davis and
Blobel, 1986).
Immunoprecipitations and Immunoblotting
A mixed population of N2 hermaphrodites was pelleted and
washed three times in M9 buffer (Wood, 1988) and quickly frozen
in liquid nitrogen. The frozen animals were ground into a fine
powder and the liquid nitrogen was allowed to slowly evaporate. As
soon as the liquid nitrogen had evaporated, ice-cold Nonidet P-40
(NP-40) lysis buffer [20 mM Tris (pH 8.0), 137 mM NaCl, 10%
glycerol, 1% NP-40, 2 mM EDTA, 1 mM phenylmethylsulfonyl
fluoride, aprotinin (0.15 U/ml), 20 mM leupeptin, and 5 mM sodium
vanadate] was added. After lysis at 4°C for 20 min with occasional
vortexing, the lysate was centrifuged and the supernatant was
collected. The protein concentration in the lysates was approxi-
mately 10 mg/ml, as determined by the Bradford assay (Bio-Rad).
An affinity-purified polyclonal antibody (see above) was used to
immunoprecipitate (IP) CDC-25.1 from 300 ml of C. elegans lysate
;3 mg total protein). The antibody and lysate were incubated
ogether with rocking for 30 min at 4°C before protein A–Sepharose
eads (Gibco BRL) were added. Samples were incubated further at
Copyright © 1999 by Academic Press. All right°C for 12–16 h. The IPs were then washed twice in cold NP-40
uffer and once in cold distilled water before analysis by SDS–
olyacrylamide gel electrophoresis (SDS–PAGE). After SDS–PAGE,
roteins were electrophoretically transferred to nitrocellulose fil-
ers (Sambrook et al., 1989). Filters were blocked in 2% BSA for 1 h
t 22°C, washed, and incubated 16–20 h with the primary antibody
t 4°C. The filters were then washed and incubated with horserad-
sh peroxidase-coupled secondary antibody for 1 h. After a final
ound of washes, the filters were exposed using enhanced chemi-
uminescence (Amersham). For the peptide-competed IPs, the pri-
ary antibody was preincubated with excess peptide (;20 mg/ml)
for 60 min at 4°C before being added to the lysate.
Indirect Fluorescence Microscopy
Immunolocalization of CDC-25.1 was performed using a modi-
fied method from Albertson (1984). Briefly, adult hermaphrodites
were placed in a drop of egg buffer (118 mM NaCl, 48 mM KCl, 2
mM CaCl2, 2 mM MgCl2, 0.025 mM Hepes, pH 7.4) (Edgar, 1995)
on polylysine-coated glass slides. The embryos and gonads were
dissected from the animals with 26-gauge hypodermic needles. A
large coverslip was gently placed on top of the dissection, and the
slides were then placed on a metal block that had been preincu-
bated on dry ice for at least 10 min. After the coverslips were
snapped off, the slides were immersed in 220°C methanol for
10–20 min and then in 220°C acetone for 5 min. For the tubulin
labeling, samples were rehydrated in an ethanol series (90, 70, 50,
30, 10%) followed by an incubation in PBST [137 mM NaCl, 3 mM
KCl, 1 mM KH2PO4, 9 mM NaH2PO4 (pH 7.4), 0.5% polyoxyeth-
ylenesorbitan monolaurate (Tween 20)]. For labeling with other
antibodies, the ethanol rehydration series was omitted, and the
slides were left to dry at room temperature following the acetone
treatment. Once dry, the samples were rehydrated in PBST,
blocked for 30–45 min in either 3% BSA or 10% normal goat
serum, and then incubated with primary antibody. After primary
antibody incubations for 12–16 h at 4°C, the samples were washed
in PBST before incubation with rhodamine-conjugated secondary
antibody (Jackson Immunoresearch) for 2 h at room temperature in
the dark. Slides were washed in PBST before the coverslips were
mounted with Gel/Mount (Biomeda) that had been premixed with
1 mg/ml 49,6-diamidino-2-phenylindole (DAPI). For peptide compe-
tition of the antibody, excess peptide (at a final concentration of 5
mg/ml) was added to the CDC-25.1 antibody before use for CDC-
25.1 labeling. The immunolocalization of tubulin and MEI-1 was
performed as described by Clark-Maguire and Mains (1994a).
RNA-Mediated Interference of cdc-25.1 Expression
Antisense RNA corresponding to the cdc-25.1 gene was synthe-
sized in vitro (T7 MEGAscript; Ambion). Three separate DNA
templates were used. A 0.4-kb PCR fragment corresponding to the
phosphatase domain was amplified from genomic DNA by using
the forward primer CGATAAGAAATACATTATAGTCG and the
reverse primer CATAGTCCAACAAATACATTTCCG. This PCR
fragment contained one small intron. The second template was a
cDNA fragment (1.5 kb) encoding exons 3–7 (generated by RT-
PCR). Both of these templates were initially cloned into pCRII.I
(Invitrogen) and used as templates for PCR amplification with the
M13 forward and reverse primers. PCR products were used for the
in vitro transcription reaction using T7 RNA polymerase (T7
MEGAscript; Ambion). The third DNA template was a larger
genomic fragment (2.5-kb EcoRI–SacI fragment) subcloned into the
s of reproduction in any form reserved.
d
a
a
e
v
R
e
r
e
b
G
G
r
c
g
a
a
b
d
d
r
c
g
e
c
t
c
s
f
e
p
b
18 Ashcroft et al.pBluescript SK(1) vector (Stratagene). Transcription with T7 and
T3 RNA polymerases (Pharmacia) was performed directly on the
third template according to the manufacturer’s instructions. After
transcription, all DNA templates were digested by DNase I treat-
ment, and the resulting RNAs were stored at 280oC until required.
For double-stranded RNA reactions, antisense and sense RNAs
were synthesized separately from the 1.5-kb template. The two
strands were annealed by mixing, heated to 70°C, and cooled to
room temperature. All RNAs were injected into the syncytial
gonad of young N2 hermaphrodite adults, which were allowed to
recover at 20oC for 12–15 h. Animals that died or sustained obvious
amage from the injection were not included in the subsequent
nalysis. Injected animals were transferred to individual plates and
llowed to lay approximately 10–20 embryos. Animals that laid
mbryos that failed to hatch were further analyzed by dissection,
ideomicroscopy, or immunohistochemistry to characterize the
NAi effects. Approximately 95% of all animals injected yielded
mbryos that displayed the RNAi phenotypes described in this
eport.
For RNAi of the C. briggsae cdc-25.1 ortholog, sequences from
xon 3 (the largest exon of this gene) were PCR-amplified from C.
riggsae genomic DNA using the forward primer CAACTAC-
ATACACCAACCGG and the reverse primer CGCTAATAC-
ACTCACTATAGGGAGCGTAGCTGGCAAATCATGG. The
everse primer contained a T7 promoter so that antisense RNAs
ould be synthesized directly from the PCR product.
Videomicroscopy
RNA-injected animals were either mounted directly for videore-
cording or dissected to release their embryos. For in utero record-
ings, either wildtype or egl-19 adults were used. Mutants homozy-
ous for egl-19 are egg-laying constitutive (Lee et al., 1997),
llowing easier viewing of the embryos in the uterus. Animals were
nesthetized with 0.1% tricaine/0.01% tetramisole (in M9 buffer)
efore viewing (Kirby et al., 1990; McCarter et al., 1997). For
issections, RNA-injected animals were washed in water and
issected on a subbed glass slide in egg buffer (Edgar, 1995) to
elease the embryos from the animal. The edge of the slide was
oated with a thin layer of petroleum jelly before a coverslip was
ently placed on top of the dissection. The development of young
mbryos was videorecorded using Nomarski optics under low light
onditions. Tracings were made directly from the video monitor,
hen were scanned and processed using Adobe Photoshop.
RESULTS
The cdc-25.1 Gene Is Expressed Predominantly
in the Germ Line
The cdc-25.1 gene was identified by searching the C.
elegans genomic database. TBLASTN searches (Altschul et
al., 1990; Gish and States, 1993) using yeast, Drosophila,
and mammalian CDC25 as query sequences revealed four
predicted genes whose protein products had a high degree of
similarity with the CDC25 phosphatase family (Ashcroft et
al., 1998). Expression of three of these genes has been
confirmed by the isolation and sequencing of cDNA clones
(Ashcroft et al., 1998). To address the temporal patterns of
m
o
Copyright © 1999 by Academic Press. All rightdc-25.1 gene expression, we performed Northern blot
nalysis using RNAs from wildtype animals of different
tages and from mutant animals defective in germline
evelopment. Using oligo(dT)-purified mRNA harvested
rom gravid hermaphrodite adults, we observed only one
ajor band (;2.3 kb) (Fig. 1). This size mRNA agrees with
he full-length cDNA previously cloned (Ashcroft et al.,
998). Using mRNA harvested from different mutants,
orthern analysis demonstrated that expression of cdc-25.1
s enhanced in, but not restricted to, animals with prolifer-
ting germ lines (Fig. 1). The fem-3(gf) mutant adults,
hich support only male germline proliferation and devel-
pment (Hodgkin, 1986; Barton et al., 1987), showed a high
evel of cdc-25.1 expression. Similarly, high levels of ex-
ression were also evident in fem-1(lf) mutant adults,
hich produce only female germ lines (Nelson et al., 1978).
lp-1 adults, which lack germline proliferation and are
terile (Austin and Kimble, 1987), revealed a very low level
f cdc-25.1 expression (Fig. 1). In addition, low levels of
xpression were evident in all larval stages. The Northern
ata suggest that the cdc-25.1 gene is expressed at low
evels during all stages of development and at elevated
evels in animals with proliferating germ lines. The other
FIG. 1. Northern blot analysis of cdc-25.1 mRNA expression
throughout development. RNA was harvested from wildtype
(N2) gravid hermaphrodites and larval stages (L1, L2/L3, and L4).
RNA was also harvested from mutant adult hermaphrodite
strains lacking mitotic and meiotic germ lines (glp-1), contain-
ng sperm but no oocytes or embryos (fem-3gf), and containing
ocytes but no sperm or embryos [fem-1(lf)]. This blot was
imultaneously probed with a ribosomal protein gene, rp21, as a
loading control. RNA in the fem-1(lf) lane was underloaded. For
onvenience of comparison, lane exposure was adjusted until the
p21 signal was approximately equal to the signal in other lanes.
he size marker indicated the cdc-25.1 mRNA was 2.3 kb. The
ignal in wildtype gravid adults is weaker than the fem-1 and
em-3 signal likely because the wildtype adults are full of
mbryos, many of which are past the stage at which we observe
rotein expression. The fem-1 animals, on the other hand, are
loated with oocytes and are likely full of maternal mRNA.i
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19cdc25 Homolog Affects Cortical ActivityThe CDC-25.1 Protein Is Localized to Nuclei and
Embryonic Cortical Membranes
To address the spatial and temporal expression of the
CDC-25.1 protein in embryos and adult germ lines, we
performed immunocytochemical studies using an antibody
against a synthetic peptide corresponding to the carboxyl
terminus of the CDC-25.1 protein (see Materials and Meth-
ods). To characterize the specificity of the antibody, the
CDC-25.1 protein was immunoprecipitated from lysates of
mixed-stage wildtype hermaphrodites and immunoblotted.
We observed a single band of ;68 kDa, in agreement with
the predicted size. This band was specifically lost when the
antibody was preincubated with the synthetic peptide be-
fore the immunoprecipitation (Fig. 2A).
The antibody labeled the nuclei of oocytes as well as the
nuclei and the cell cortex of early embryos. Antibody
labeling was diffuse in the pachytene nuclei of the distal
gonad but was much more apparent in the diakinetic nuclei
of oocytes in the proximal gonad arm (Fig. 2C). Cytoplasmic
labeling was observed in older oocytes but was lost once the
oocytes were fertilized. After fertilization and the comple-
tion of meiosis (Figs. 3A and 3B), labeling was observed in
both the oocyte and the sperm pronuclei. Notably, CDC-
25.1 localization was absent in polar bodies. Nuclear label-
ing was observed during pronuclear migration and meeting
(Figs. 3A–3D). Diffuse cytoplasmic labeling was observed
during the first mitotic cleavage (data not shown). The
CDC-25.1 protein was observed in the nuclei of 2- and
4-cell embryos (Figs. 3E–3H). Nuclear localization persisted
until the 24- to 28-cell stage (Figs. 3I and 3J) and was not
detected at later stages. This nuclear localization of CDC-
25.1 was observed only in embryonic nuclei during inter-
phase and prophase; diffuse cytoplasmic localization was
observed when nuclear envelope breakdown occurred upon
entry into M phase. The CDC-25.1 antibody also localized
specifically to the cortical membrane between neighboring
blastomeres (Figs. 3F and 3H), during all phases of the cell
cycle. The described labeling patterns could be competed
with peptide (Fig. 2E and data not shown).
The CDC-25.1 protein therefore appears to be a mater-
nally supplied protein and is first detected in the nuclei of
immature oocytes. This protein then partitions to all em-
bryonic nuclei of the early embryo and is subsequently
diluted out or degraded near the onset of gastrulation
(28-cell stage). This expression pattern could be due, in part,
to zygotic transcription, which can begin before gastrula-
tion in C. elegans (Schauer and Wood, 1990; Seydoux and
ire, 1994). CDC-25.1 protein expression was not observed
n later stages of embryogenesis, suggesting that zygotic
xpression is either absent or below the limits of detection
t these later stages. This observation is in agreement with
he apparent lack of late embryonic expression in animals
xpressing a transgene containing 3.5 kb of 59 sequences of
he cdc-25.1 gene fused to a GFP/b-galactosidase fusion
protein (data not shown).
Copyright © 1999 by Academic Press. All rightDisruption of cdc-25.1 Expression Causes
Embryonic Lethality
To address the function of the CDC-25.1 protein during
embryonic development, we performed RNAi (Guo and
Kemphues, 1995; Rocheleau et al., 1997; Fire et al., 1998)
using wildtype animals. This technique has been used suc-
cessfully to obtain gene-specific loss-of-function phenotypes
for many maternally and zygotically expressed genes (Fire et
al., 1991; Guo and Kemphues, 1995, 1996; Lin et al., 1995;
owell-Coffman et al., 1996; Guedes and Priess, 1997;
ocheleau et al., 1997). Antisense RNAs corresponding to the
ntire cDNA of a given gene (or even genomic fragments
ontaining exons and introns) are injected into the syncytial
onad of L4 larvae or young adults and effectively phenocopy
oss-of-function mutations of the corresponding gene. These
ffects are likely due to the small amount of double-stranded
NA that is produced during the RNA synthesis protocol (Fire
t al., 1998; Montgomery and Fire, 1998).
Single-stranded and double-stranded RNAs correspond-
ng to genomic or cDNA fragments of cdc-25.1 were in-
ected into the syncytial gonads of wildtype adult hermaph-
odites, and the resulting broods were examined. In all
ases, single-stranded and double-stranded RNAs gave iden-
ical results. The first few embryos that were laid, which
ere likely fertilized prior to injection, hatched and devel-
ped into healthy fertile adults. The next few embryos
eveloped into sterile adults with no germ lines (data not
hown; ,5% of the F1 brood). These animals probably were
erived from oocytes that were maternally loaded with
reexisting CDC-25.1 protein, but the injected RNA could
pparently perturb zygotic expression of cdc-25.1. The fate
f the germ lineage or the ability of the germ line to
roliferate may be perturbed. The cause of this F1 sterility
s under investigation.
The remainder of the embryos (approximately 95% of the
rood) that were laid 12–15 h postinjection failed to hatch.
e observed identical RNAi effects by using RNAs corre-
ponding to different regions of the cdc-25.1 cDNA or gene.
he brood size of the RNA-injected animals was not sig-
ificantly different from that of the control populations
data not shown). Thus, injections of cdc-25.1 RNAs re-
ulted in two distinct effects: a small percentage of animals
hat hatched, but were sterile, and a large percentage that
ied as embryos.
cdc-25.1 RNAi Specifically Disrupts cdc-25.1 Gene
Expression
To determine whether the RNAi effect was specific to the
cdc-25.1 gene, we carried out a number of control experi-
ments. Immunofluorescence analysis using a polyclonal
antibody specific to CDC-25.1 showed no detectable label-
ing of CDC-25.1 in embryos derived from RNA-injected
hermaphrodites (Fig. 5H). The labeling was also abolished
in the germ lines from which these RNAi embryos wereP
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oderived (Fig. 5J, compare to Fig. 2C), suggesting that expres-
sion in the germ line is reduced to account for the RNAi
s of reproduction in any form reserved.
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20 Ashcroft et al.FIG. 3. The CDC-25.1 protein is localized to nuclei and cortical membranes of early embryos. Wildtype embryos were stained with DAPI and
labeled with a CDC-25.1-specific antibody, which localizes to embryonic nuclei and cortical membranes. The left (A, C, E, G, and I) showsFIG. 2. Characterization of the CDC-25.1 polyclonal antibody. (A) Western analysis of CDC-25.1 immunoprecipitated from a C. elegans
lysate revealed a single band of ;68 kDa (right). This band was competed by preincubating the antibody with peptide (left). (B–E) Indirect
immunocytochemical labeling of gonads dissected from wildtype animals. DAPI staining (B, D) shows the nuclei (blue), whereas the
CDC-25.1 antibody (C) labels diakinetic oocytes (red). (E) The CDC-25.1 antibody labeling was competed with peptide. (B, C) The proximal
gonad contains oocytes in diakinesis of meiosis I, with the oldest
meiosis I. The scale bar is approximately 50 mm in B–E.embryos that were stained with DAPI; the right (B, D, F, H, and J) shows t
are indicated by arrows. Anterior is to the left in A and B and to the lowe
Copyright © 1999 by Academic Press. All rightte to the far left. To the right are germ-cell nuclei in pachytene ofhe same embryos labeled with the CDC-25.1 antibody. Polar bodies
r left in C–H. Embryos are approximately 50 mm in length.
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22 Ashcroft et al.phenotypes we observe in the progeny of injected
animals. These observations indicate that the injected
RNAs prevented expression of CDC-25.1, resulting in cdc-
25.1(RNAi) embryos. It remains possible, however, that
undetectable but low levels of protein are still expressed
under these conditions. For this reason, the phenotypes we
describe below may not represent the most severe (null)
phenotype.
Because RNAi can potentially inhibit the expression of
genes of similar sequence (Rocheleau et al., 1997), it is
possible that the observed phenotypes could result, in
whole or in part, from interference with other cdc25 family
members. We do not have antisera to the other family
members, so we could not determine whether cdc-
25.1(RNAi) embryos lacked expression of the other related
genes. However, if this hypothesis was correct, RNAi using
transcripts from other family members would have gener-
ated phenotypes similar to cdc-25.1 RNAi. On the contrary,
such injections resulted in phenotypes distinct from the
cdc-25.1 RNAi (Ashcroft et al., manuscript in preparation):
RNAs corresponding to cdc-25.3 and cdc-25.4 did not
disrupt C. elegans development, whereas RNAs corre-
sponding to cdc-25.2 resulted in a highly penetrant larval
lethality (Ashcroft et al., manuscript in preparation). Fur-
thermore, simultaneous injection of RNAs corresponding
to all four cdc-25s resulted in a more dramatic and earlier
phenotype than any single or double injection alone (one-
cell arrest; Ashcroft et al., manuscript in preparation). To
further address whether injections of cdc-25.1 RNAs af-
fected the expression of other cdc-25 genes, we introduced
a CDC-25.3/GFP protein fusion reporter construct into
wildtype hermaphrodites. The resulting transgenic line
expressed cdc-25.3 in embryonic nuclei, beginning at the
24- to 28-cell stage. When this transgenic line was injected
with cdc-25.1 RNAs, the CDC-25.3/GFP signal was not
diminished (data not shown). Together, these data suggest
that the cdc-25.1 RNAi specifically disrupted the expres-
sion of the cdc-25.1 gene and did not affect the expression of
related cdc-25 genes in C. elegans.
A further test of specificity came from injections of RNAs
corresponding to the C. briggsae cdc-25.1 ortholog. We
identified this ortholog in the C. briggsae database (http://
genome.wustl.edu/gsc/briggsae/gsc_briggsae.html; on cos-
mid G47I10). Injections of C. briggsae RNA into C. elegans
or of C. elegans RNA into C. briggsae did not reveal any
obvious developmental defects. These results were not
surprising, since the nucleotide sequences of the two or-
thologs shared only 67% identity. This percentage of iden-
tity was apparently not sufficient to perturb the expression
of the corresponding orthologs (Rocheleau et al., 1997; Fire
et al., 1998; Tabara et al., 1998).
cdc-25.1 RNAi Results in Anterior Blebbing and
Cortical ContractionsTo determine why the cdc-25.1(RNAi) embryos failed to
hatch, we stained the embryos with DAPI. It was apparenthat the embryos underwent a number of cell divisions (in
ost cases more than 100 embryonic nuclei were gener-
ted), yet they failed to undergo any obvious morphogen-
sis, arresting as balls of cells. Because some regions in the
mbryos were devoid of any chromatin, whereas other
egions appeared to have excess amounts (Fig. 4), embryos
ere probably dying due to aneuploidy (see below).
We then examined the landmark events leading up to
ertilization. In wildtype C. elegans hermaphrodites, oo-
cytes in the oviduct are in diakinesis of meiosis I. In an
assembly line fashion, a single oocyte in each gonad arm
undergoes maturation (nuclear envelope breakdown and
cortical rearrangement) and is ovulated into the sper-
matheca, where it is fertilized (McCarter et al., 1998). The
zygote then enters the uterus, where it completes meiosis I
and II and extrudes two polar bodies. The oocyte pronucleus
then forms and migrates posteriorly to meet the sperm
pronucleus. Both pronuclei migrate back toward the center
of the embryo together, their nuclear envelopes break
down, and the first mitotic division occurs. In animals that
were injected with cdc-25.1 RNAs and observed by video-
microscopy, oocyte maturation and ovulation, as well as
fertilization, appeared normal and similar to that of wild-
type uninjected animals.
Videorecordings did reveal early defects after fertiliza-
tion. Cytoplasmic streaming is readily apparent in wildtype
embryos almost immediately after fertilization and the
entry of the embryo into the uterus (Nigon et al., 1960; Hird
and White, 1993). In RNAi embryos in utero, this streaming
was delayed by about 28.5 min (range: 25–34.5 min). Cyto-
plasmic streaming resumed about 18–20 min before pro-
nuclear formation in these RNAi embryos.
Embryos at the one-cell stage were also dissected from
injected animals and were viewed using videomicroscopy or
were fixed and stained with DAPI. Eggshells were readily
apparent around all RNAi embryos at this time. A summary
of the observed RNAi phenotypes is presented in Table 1.
The following phenotypes were consistently observed: (1)
excessive anterior cortical contractions and blebbing and (2)
extra oocyte pronuclei present before pronuclear migration
and meeting. It was apparent from videomicroscopy that
the anterior membrane in these embryos was very dynamic.
For example, in young embryos, anterior membrane ruf-
fling, blebbing, and cortical contractions were consistently
observed before and after pronuclear formation. Though
anterior cortical contractions occur in wildtype embryos
before pseudocleavage, this activity was much more pro-
nounced in RNAi embryos: In 90% of the RNAi embryos,
cytoplasts were partially pinched off anteriorly and were
resorbed a few minutes later (Table 1 and Fig. 5). Intense
cortical activity was most evident during the completion of
meiosis, before the formation of the oocyte pronucleus.
Unlike wildtype embryos, this activity persisted once the
pronuclei formed and began to migrate. It was not clear
whether the cytoplasts were simply pinched off cytoplasm
or abnormally large polar bodies, because many contained
chromatin, as evidenced by the presence of a small nucleus
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23cdc25 Homolog Affects Cortical Activityor by DAPI staining (data not shown). In most cases, these
large cytoplasts were in constant flux, being resorbed and
extruded during pronuclear migration and meeting before
the first mitosis. This dynamic cortical activity was the
predominant phenotype observed. These phenotypes were
also observed in injected animals in which the embryos
were viewed in utero (data not shown). The cortical bleb-
ing could be seen as soon as 11 min after ovulation, a time
onsistent with the occurrence of meiosis I (McCarter et al.,
998). These phenotypes were not apparent in wildtype
ne-cell embryos observed in utero, nor were they observed
n embryos dissected from uninjected animals. RNAi phe-
otypes associated with later stages of development are
escribed below and are likely a secondary consequence of
he cortical abnormalities described above.
Once meiosis is completed in wildtype zygotes, the
ocyte and sperm pronuclei become discernible by Nomar-
ki optics. In cdc-25.1(RNAi) zygotes, two or three pronu-
lei in the anterior half of the zygote were frequently
bserved migrating together toward the sperm pronucleus
n the posterior (Fig. 5 and Table 1). We believe these extra
ronuclei resulted from polar bodies that were not extruded
nd, less frequently, from chromosomes that were not
ncluded during reformation of the maternal pronucleus.
udging from the relative intensity of DAPI staining, the
hromatin content of these extra pronuclei was approxi-
ately equivalent to that of a haploid product of meiosis.
ecause of the difficulty in consistently visualizing both
olar bodies in wildtype C. elegans embryos, we could not
lways be certain whether both meiotic divisions had
ccurred in embryos that did have one polar body. In a few
ases, probably due to neither polar body being extruded,
he relative intensity of DAPI staining suggested that a 4N
omplement of chromosomes was present (plus 1N from
he sperm).
Dispersed chromatin was often enclosed in multiple
uclear envelopes, as demonstrated by labeling with an
ntibody against the nuclear pore complex (Davis and
lobel, 1986) (Figs. 5E and 5F). By DAPI staining of cdc-
5.1(RNAi) zygotes, the chromatin content of oocyte pro-
uclei rarely appeared normal. Perhaps the aberrant
ompletion of meiosis resulted in nondisjunction, in which
hromosomes were lost from the meiotic spindle microtu-
ules (MTs), or perhaps polar body extrusion failed. Only
arely did a DAPI-stained one-cell embryo appear to have a
ormal oocyte and sperm pronucleus before pronuclear
eeting.
The same phenotypes as those described above were also
bserved when C. briggsae animals were injected with
NAs corresponding to the C. briggsae cdc-25.1 ortholog
Cb-cdc-25.1). As with C. elegans, the majority of Cb-cdc-
5.1(RNAi) embryos failed to hatch and arrested as balls of
ells with no signs of morphogenesis. These RNAi embryos
lso had increased anterior cortical activity and multiple
ronuclei (data not shown).
s
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Mispositioning
To determine whether the cytoplasts and multiple pro-
nuclei could have resulted from defects in meiosis, we
examined the morphology and position of the meiotic
spindles by labeling them with antibodies directed against
tubulin and MEI-1, an ATPase that is required for meiotic
spindle formation (Clark-Maguire and Mains, 1994b). Al-
though the structure of the meiotic spindles appeared
normal in cdc-25.1(RNAi) embryos (Fig. 6), they were more
randomly positioned throughout the anterior 3/4 of the
embryo, in contrast to the normal anterior positioning of
meiotic spindles in wild type (Fig. 7). The meiotic spindles
of cdc-25.1(RNAi) embryos were often oriented parallel,
ather than orthogonal, to the cortex, such that polar body
xtrusion might not occur. These observations suggest that
he meiotic spindles might not be properly anchored to the
nterior cortex in these zygotes, likely due to the abnor-
ally dynamic cortical activity. This defect may account
or the enlarged polar bodies/cytoplasts and multiple pro-
uclei observed during pronuclear migration.
cdc-25.1 RNAi Results in Exaggerated
Pseudocleavage
In wildtype embryos, as the maternal pronucleus mi-
grates posteriorly, a pseudocleavage furrow begins to pinch
the one-cell embryo in half and then retracts (Nigon et al.,
1960). In cdc-25.1(RNAi) embryos, pseudocleavage was
exaggerated in 18 of 22 embryos observed (Table 1), some-
times to the point (in 4 of 22 embryos) where it blocked the
migration of the maternal pronuclei. Interestingly, pseudo-
cleavage was readily apparent, and often exaggerated, in
nop-1 mutants injected with cdc-25.1 RNAs (data not
hown); pseudocleavage does not normally occur in nop-1
utants (Rose et al., 1995). This observation suggests that
oss of cdc-25.1 is epistatic to nop-1 for pseudocleavage
ormation.
cdc-25.1 RNAi Results in Abnormal Mitotic
Cleavages
To examine the role of cdc-25.1 in the temporal control of
ell division, we measured the time from pronuclear meet-
ng to the first mitosis. For wildtype embryos this was 6.5
in (n 5 6; range 6–7 min), whereas in cdc-25.1(RNAi)
mbryos, the timing was delayed to 10.8 min (n 5 8; range
–17 min). Furthermore, defects in the first mitosis and
ubsequent mitoses were evident in all (23/23) embryos in
hich the first mitosis was observed by videomicroscopy
Table 1). Cytoplast formation was still apparent at these
imes and occurred either in the anterior half of the em-
ryos or at the cleavage furrows as the blastomeres divided.
n 10 of 26 cases, where two-cell embryos were observed,
he cleavage furrow of the first mitosis was mispositioned,
uch that the size of the AB blastomere was equal to or less
han that of the P1 blastomere [Par phenotype (Kemphues
s of reproduction in any form reserved.
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24 Ashcroft et al.and Strome, 1997)]. An anterior cytoplast reduced the size
of the AB blastomere to account for the disparity in AB size
in 4 of these embryos. In only 2 cases did we observe
synchronous divisions to generate a four-cell embryo.
Though the first mitosis was abnormal and meiotic spindle
defects were apparent in most RNAi embryos, the
centrosome/nuclear rotation, which normally occurs in the
one-cell embryo, properly took place. In 21 of 23 RNAi
embryos in which the first mitosis was observed, the
mitotic spindle was properly oriented along the anterior–
posterior axis. In only 2 embryos did we observe the first
mitosis along the dorsal–ventral axis.
In subsequent divisions, a number of defects were evi-
dent. For example, the times between the first division and
the second or third divisions were delayed. In RNAi em-
bryos, it took 17.5 min (n 5 21; range 14–26 min) and 23
min (n 5 20; range 16–43.5 min) for the second and third
divisions to occur, while in untreated embryos it took 13.5
min (n 5 6; range 12–14 min) and 15 min (n 5 6; range
FIG. 4. The terminal phenotype of cdc-25.1(RNAi) embryos is sev
eing laid were stained with DAPI. These embryos had .100 nucle
mbryos lacked any chromatin, whereas other regions revealed exce
re approximately 50 mm in length.
FIG. 5. The predominant phenotypes of cdc-25.1(RNAi) embryo
nd paternal (s) pronuclei in wildtype (A and B) and cdc-25.1(RNA
nterior cortex in A and C. Note the multiple pronuclei in C and D
mages of two different cdc-25.1(RNAi) embryos. cdc-25.1(RNAi)
onoclonal antibody against nuclear pore complex antigens (F). O
y nuclear envelopes (F). A four-cell RNAi embryo (G; DAPI stain
tained) dissected from an RNA-injected animal also failed to label with
pproximately 50 mm in length.
Copyright © 1999 by Academic Press. All right14.5–16 min), respectively. In addition, the cell sizes, posi-
tions, and cleavage planes in the RNAi embryos were often
abnormal, and incomplete cleavage furrows were frequently
observed (Fig. 8). Most of the embryos examined did not
have the proper cellular arrangement and orientation
within the eggshell at the four-cell stage (Table 1 and Fig. 8).
Other examples of cleavage defects included tripolar
spindles (resulting in a three-cell embryo; data not shown)
and five-cell embryos (Figs. 8E and 8F), which are never seen
in wildtype embryos. When labeled with an anti-actin
antibody (to visualize cell boundaries) and stained with
DAPI (Fig. 8), little, if any, chromatin was apparent in the
“extra” cell in the five-cell embryo (Fig. 8F).
Videorecordings revealed cleavage furrows in early RNAi
embryos that often retracted, reminiscent of pseudocleav-
age. Despite these abnormalities, the mitotic spindles ap-
peared morphologically normal by tubulin staining (data
not shown). However, these aberrant cleavage patterns
suggest that, like the defects in meiotic spindle attachment
neuploidy. cdc-25.1(RNAi) embryos that failed to hatch 16 h after
did not undergo any apparent morphogenesis. Large areas of these
amounts. Stray chromosomes are indicated by the arrow. Embryos
cortical membrane blebbing and multiple pronuclei. Maternal (o)
bryos (C and D) are shown. Anterior is to the left. Compare the
and B are images of the same wildtype embryo, while C and D are
cell embryos were also stained with DAPI (E) and labeled with a
ll embryos often have dispersed chromatin (E) that is surrounded
ailed to label with the CDC-25.1 antibody (H). A gonad (I; DAPIere a
i ands are
i) em
. A
one-
ne-ce
ed) fthe CDC-25.1 antibody (J). Embryos (A–H) and scale bars (I, J) are
s of reproduction in any form reserved.
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to the cortex, the mitotic spindles might not be functioning
properly during these cell cycles, perhaps due to defects in
the mitotic aster interactions with the cortex. Alterna-
tively, the mitotic cycles may be disrupted due to the
abnormal number of chromosomes in the embryo. Despite
these severe defects, the cdc-25.1(RNAi) embryos did un-
dergo many cell divisions before arresting. Greater than 100
nuclei were generated, many of which appeared to be
polyploid (Fig. 4).
DISCUSSION
RNA-Mediated Interference with cdc-25.1
RNA-mediated interference with cdc-25.1 resulted in
highly penetrant embryonic lethality, with embryos arrest-
ing as balls of cells, devoid of morphogenesis. Oogenesis,
oocyte maturation, ovulation, and fertilization appeared
normal in these RNAi embryos. The earliest phenotypes
observed were the decrease in cytoplasmic streaming just
after fertilization, dramatic anterior cortical contractions,
and blebbing of the fertilized embryo (Fig. 5). Blebbing was
evident before pronuclear formation and persisted through-
out pseudocleavage and pronuclear meeting and during the
first few cell divisions. This cortical hyperactivity was
often followed by defects in meiotic spindle positioning and
chromosome segregation. Despite these dramatic pheno-
types, the meiotic divisions are occurring in these RNAi
embryos, suggesting that CDC-25.1 is not required for these
meiotic divisions. However, it remains possible that unde-
tectable levels of CDC-25.1 still persist in these RNAi
embryos and thus account for these meiotic divisions. If
true, the reduced level of CDC-25.1 is then not sufficient
for the normal progression of meiosis and polar body
extrusion.
Defects in meiotic spindle attachment to the inner cell
cortex probably resulted from the exaggerated cortical ac-
tivity we observed in embryos dissected from injected
animals and in embryos we observed in utero. Because the
cortical blebbing was the predominant phenotype, we pro-
pose that even anteriorly positioned meiotic spindles might
not properly attach to the cortex. If so, this too could result
in defects in polar body extrusion and chromosome segre-
gation. Alternatively, abnormalities in the meiotic spindle
could be the primary defect, leading to cortical defects in
which the cortex becomes fluid and attempts to “capture”
the wandering meiotic spindle.
In wildtype C. elegans, association of the meiotic spindle
with the anterior cortex is required for normal polar body
extrusion (Albertson and Thomson, 1993). In contrast,
meiotic spindles of cdc-25.1(RNAi) embryos show defects
in spindle positioning and chromosome segregation. Pre-
sumably, those spindles not properly anchored to the inner
cell cortex cannot extrude polar bodies. Subsequent meiotic
divisions, without the concomitant extrusion of polar bod-
ies, is the simplest explanation for the observed multiple
pronuclei in cdc-25.1(RNAi) embryos. Another example of
abnormal cortical activity was exaggerated pseudocleavage
during pronuclear migration. In a few cases, the pseudo-
cleavage furrow was so severe that it prevented pronuclear
migration.
In nearly all cases examined, the oocyte pronucleus (or
pronuclei) migrated posteriorly to meet the sperm pro-
nucleus. The observation that pronuclear migration was
not disrupted in cdc-25.1(RNAi) embryos suggests that
CDC-25.1 does not regulate these microtubule-based func-
tions during early embryogenesis.
In wildtype embryos, after the oocyte pronucleus and
sperm pronucleus meet in the posterior of the zygote, they
migrate toward the center, undergo nuclear envelope break-
down, and undergo their first mitotic cleavage. In cdc-
25.1(RNAi) embryos, these events appeared normal but
were delayed. Anterior blebbing was also observed through-
out this period. Before this first division, the mitotic spindle
apparatus was sometimes mispositioned, resulting in em-
bryos with blastomeres of equal size after the first cleavage
(Par phenotype). In the next division, cleavage furrows
would form and then retract, leading to delays or failures in
cytokinesis. After the four-cell stage, the divisions in cdc-
25.1(RNAi) embryos became too difficult to follow.
As in meiosis, mitotic spindle morphology was normal in
cdc-25.1(RNAi) embryos. Perhaps defects in the cell cortex
TABLE 1
Characterization of the cdc-25.1 RNAi Phenotype
Phenotype observed
Number of occurrencesa
ssRNAi dsRNAi Combined
Videomicroscopy data
Cortical blebbing/appearance
of cytoplasts 15/17 11/11 26/28
Extra nuclei in 1- to 4-cell
embryos 10/18 7/11 17/29
Abnormal pseudocleavage 10/12 8/10 18/22
Cytoplasts during first
mitosis 23/23
Par phenotype 4/16 6/10 10/26
Abnormal cell division
timing 9/12 7/9 16/21
Cell fusion 4/13 7/10 11/23
Embryo labeling data
Chromatin dispersal in 1-cell
embryob 68/120
Abnormal cellular
arrangement in 2- to 4-cell
embryosc 75/130
Note. Young hermaphrodite N2 adults were injected with single-
stranded (ssRNAi) or double-stranded (dsRNAi) RNA. Embryos
were dissected from these injected animals and viewed by video-
microscopy and/or fluorescence microscopy.
a Different groups of embryos were scored for different specific
phenotypes.
b Assayed by DAPI staining of 1-cell embryos.
c Assayed by anti-actin antibody labeling of 2- to 4-cell embryos.
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observed in the cdc-25.1(RNAi) embryos perturb the proper
interactions of the asters with the cortex, resulting in the
observed defects in spindle positioning and cleavage furrow
regression. Interestingly, many of the par gene products are
localized to the embryonic cortex (Kemphues and Strome,
1997). The par-1 gene codes for a kinase (Guo and Kem-
phues, 1995) whose homologs in other systems regulate MT
dynamics (Drewes et al., 1997) and phosphorylate human
CDC25C to promote 14–3–3 binding (Peng et al., 1998).
Thus, the defects in Par embryos might, in part, reflect the
disruption of the regulation of CDC-25.1.
Despite rather dramatic effects during meiosis and the
first few cell cycles, cdc-25.1(RNAi) embryos consisting of
a few hundred nuclei were often generated. C. elegans
meiotic-specific mutations, in which meiosis fails, produce
aneuploid embryos that still undergo normal mitotic divi-
sions (Mains et al., 1990a,b). These mutants also generate
hundreds of cells and arrest as balls of cells. The observa-
tion that normal mitotic divisions do not occur in cdc-
25.1(RNAi) embryos suggests that CDC-25.1 expression
and function might also be required for mitotic divisions in
C. elegans.
By immunohistochemical localization in wildtype em-
bryos, we observed that the CDC-25.1 protein was detect-
able only until the 24- to 28-cell stage, suggesting that
embryos past this stage no longer require CDC-25.1 or
express very little of this protein. The data from the
Northern analysis and from transgenic animals expressing
cdc-25.1 reporter constructs (data not shown) suggest that
cdc-25.1 is expressed throughout development. Uncovering
the function of cdc-25.1 at these later times will require
inducible interfering RNA constructs or conditional muta-
tions in the cdc-25.1 gene.
Similarities with Drosophila twine Phenotypes
RNA-mediated interference of cdc-25.1 gene expression
revealed phenotypes with similarities to those of Drosoph-
ila twine mutants. The twine gene product is one of two
known CDC25 homologs in Drosophila (Alphey et al.,
1992; Courtot et al., 1992). Mutant twine females are sterile
due to defects in oogenesis. Oogenesis appears normal up to
stage 14, at which time wildtype oocytes normally arrest in
metaphase of meiosis I. In twine mutant females, there is
no metaphase I arrest and meiosis continues aberrantly
before entry into the oviduct, where maturation would
normally occur (Alphey et al., 1992; Courtot et al., 1992;
White-Cooper et al., 1993). Multiple pronuclei are observed
in 50% of the fertilized eggs obtained from twine mutants.
Similarly, in C. elegans cdc-25.1(RNAi) embryos, multiple
pronuclei are commonly observed in one-cell embryos,
probably due to aberrant meiotic divisions. We speculate
that displaced meiotic spindles, as seen in C. elegans
cdc-25.1(RNAi) embryos, could result in the defects in
polar body extrusion and the dispersed chromosomes ob-
served in Drosophila twine oocytes, although this remains
to be demonstrated for the twine mutants.
Similarities with Mos
In Xenopus and mice, the serine/threonine kinase Mos
regulates several steps in oocyte meiotic maturation. Mos is
a component of cytostatic factor in Xenopus, which is
essential for metaphase II arrest of oocytes before fertiliza-
tion (Gebauer and Richter, 1997). Furthermore, Mos may
indirectly regulate the activity of CDC25 through MEK and
MAPK (Matten et al., 1994). Interestingly, in mos-deficient
mouse oocytes, the first meiotic spindle has an altered
morphology, fails to translocate to the cortex, and often has
abnormally large polar bodies (Choi et al., 1996). Like Mos
in mouse oocytes, the CDC-25.1 protein of C. elegans may
be required for meiotic spindle attachment to the cortex
and accurate chromosome partitioning during meiosis.
Similarities with Nocodazole-Treated Embryos
The RNAi phenotypes described in this report are similar
to many of those reported in permeabilized nocodazole-
treated C. elegans embryos (Strome and Wood, 1983; Hy-
man and White, 1987; Hird and White, 1993). Nocodazole,
an inhibitor of MT polymerization, results in dramatic
anterior cortical contractions and blebbing, dispersed chro-
mosomes, attenuated spindles, and abnormal regressive
cleavage furrows (Strome and Wood, 1983; Hird and White,
1993). Hird and White (1993) reported that the cortical
interactions of astral MTs influence membrane contrac-
tions. Thus, it is possible that CDC-25.1 regulates the
association of MTs with the anterior cortex and thereby
influences membrane contractions. Alternatively, CDC-
25.1 may regulate microfilament functions and indirectly
influence MT/cortex interactions. This regulation of MT or
microfilament functions in C. elegans is probably indirect
and is most likely mediated by the activation of CDK/
cyclin complexes. Identifying the CDK/cyclin complex that
is activated by CDC-25.1 in C. elegans is key to understand-
ing the role CDC-25.1 plays in MT/cortex association
during meiosis and early embryogenesis.
Membrane localization has been previously reported for
mammalian CDC25A in mouse fibroblasts stably trans-
fected with oncogenic Ha-Ras and CDC25A; this localiza-
tion was attributed to the association of CDC25 with the
signaling kinase Raf (Galaktionov et al., 1995a). The role of
CDC25 at the cell periphery is unclear as there are no data
suggesting that CDC25 substrates are also present there.
However, the substrates of mitotic CDK/cyclin complexes
are thought to be numerous and include cortical structures.
In sea urchin embryos, kinases thought to regulate cortical
contractions during cytokinesis have been identified in
cortex-associated preparations in cleaving embryos (Walker
et al., 1997). Given the mechanistic similarity of cytokine-
sis and polar body extrusion, such kinases may also be
regulating polar body extrusion. Perhaps CDC-25.1 is local-
ized to the nucleus to activate CDK/cyclin complexes at
the G2/M transition and also at the cortex to activate
membrane-localized CDK/cyclin complexes that act at the
cell periphery for later mitotic events. These later events
27cdc25 Homolog Affects Cortical Activity
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would include spindle attachment, anaphase, and cytokine-
sis. In addition to the above possibilities, a signaling role for
CDC-25.1 at the cell membrane has not been ruled out.
The use of RNA-mediated interference in this report has
demonstrated the function of an evolutionarily conserved
cell cycle regulator during C. elegans development. The
FIG. 6. cdc-25.1(RNAi) embryos have morphologically normal meiotic spindles. An embryo from an uninjected wildtype animal was stained
with DAPI (A, B) and labeled with antibodies against tubulin (C) and MEI-1 (D), as described under Materials and Methods. An embryo from an
RNA-injected hermaphrodite was stained with DAPI (E, F) and labeled with antibodies against tubulin (G) and MEI-1 (H). The meiotic
chromosomes, indicated by the arrows in A and E, are shown enlarged in B and F, respectively. The scale bar is 10 mm in E and 2 mm in H. The
anterior (a) and posterior (p) boundaries of the embryos are indicated in A and E. The sperm pronucleus is out of focus in the posterior in A and E.
FIG. 7. cdc-25.1 RNAi results in meiotic spindle mispositioning. Wildtype and cdc-25.1(RNAi) embryos were dissected from their
respective parents, fixed, and stained with DAPI and labeled with antibodies against tubulin. The positions of the meiotic spindles were
recorded and graphically plotted. The meiotic spindles of cdc-25.1(RNAi) embryos were more broadly distributed along the anterior–
posterior axis than were those of wildtype embryos.
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distinct and overlapping roles of the other cdc-25 genes in
C. elegans can be elucidated more quickly by using RNAi
than by a traditional forward genetic approach. This tech-
nique will also help to identify and test the substrates of
CDC-25.1 that regulate cortical activity during C. elegans
meiosis.
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